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SUMMARY 

^  experimental  investigation  was  undertaken  to  evaluate  the  performance 
of  two  series  of  hall  hearings  (extra-light  108  and  extremely  light  1908)  suit¬ 
able  for  cryogenic  turhopump  applications.  These  hearings  were  tested  fully 
immersed  in  liquid  oxygen  at  radial  loads  from  100  to  600  pounds  and  at  DN 
values  (hearing  hore  in  mm  times  shaft  speed  in  rpm)  to  1.2  million.  The  maxi¬ 
mum  running  time  accumulated  on  any  one  hearing  was  19.7  hours. 

Bearing-torque  and  wear  data  were  obtained  on  seven  different  reta^^ 
materials  to  compare  their  influence  on  overall  hearing  performanc^O^ee 
different  glass-reinforced-Teflon  retainer  materials  that  gave  the  best  overall 
performance  were  (l)  molybdenum  disulfide  plus  glass  fiber  in  Teflon^  (2)  glass 
fiber  in  Teflon,  and  (3)  glass -cloth  -  Teflon  laminate.  Generally,  the  fric¬ 
tion  and  wear  results  obtained  corroborate  earlier  friction  and  wear  studies  in 
liquid  nitrogen. 

Low  torque  values  and  negligible  wear  characterized  tests  conducted  on  two 
108-series  bearings  with  molybdenum  disulfide  plus  glass-fiber-in-Teflon  re¬ 
tainers.  Balls  and  races  of  these  bearings  were  in  excellent  condition  at  the 
conclusion  of  each  test  series.  Total  test  times  on  these  two  bearings  were 
8.5  and  6.3  hours. 

Overall  coefficients  of  friction  obtained  with  bearings  equipped  with 
glass-fiber-in-Teflon  retainers  were  of  the  same  order  of  magnitude  as  those 
obtained  by  other  Investigators  for  oil-mist-lubricated  ball  bearings  tested 
over  the  same  radial-load  range. 

High  rates  of  torque  increase  at  shaft  speeds  exceeding  25  000  rpm  were 
observed  with  the  1908-series  bearings.  High  retainer  forces  characteristic  of 
bearings  running  under  combined  loading  probably  distorted  the  lightly  con¬ 
structed  retainers,  which  resulted  in  high-friction  torques  and  retainer  wear. 
These  results  are  in  contrast  with  published  results  on  liquid-hydrogen-cooled 
1908-series  bearings  operated  at  DN  values  to  1. 6  million.  Retainer  forces 
generated  by  pure  thrust  loading  on  the  bearing  are  less  severe. 


INTROrUCTION 


Present  generation  liqnid-chemical-propulsion  systems  utilize  high-speed 
turbopumps  to  transfer  cryogenic  liquid  propellants  from  storage  tanks  to  the 
snslne  combustion  chamber.  Desirable  design  objectives  for  cryogenic  pump 
systems  could  be  achieved  if  it  were  practical  to  operate  the  shaft  bearings 
immersed  in  the  working  fluid.  Two  advantages  immediately  apparent  are 

(1)  weight  reduction  by  the  elimination  of  a  separate  lubrication  system  and 

(2)  simplification  of  design  through  the  elimination  of  certain  shaft  seals 
required  with  conventional  lubricants.  To  achieve  maximum  weight  reduction  and 
reduce  complexity,  it  is  necessary  to  use  the  working  fluid  to  lubricate  and 
cool  the  bearings.  This  report  is  concerned  with  research  on  ball  bearings 
suitable  for  operation  in  liquid  oxygen. 

An  ideal  bearing  lubricant  basically  performs  two  functions:  (1)  it  mini¬ 
mizes  wear  and  surface  damage  of  the  elements  in  sliding  and/or  rolling  contact, 
and  (2;  it  cools  their  surfaces.  The  first  function  is  accomplished  by  the 
establishment  of  a  surface-protecting  boundary-lubricant  film  or  by  generation 
of  an  elastohydrodynamic  film.  The  ability  of  a  lubricant  to  generate  an 
elastohydrodynamlc  film  is  proportional  to  its  viscosity,  and  the  absolute 
viscosity  of  liquid  oxygen  at  -297°  F  (boiling  point)  is  0.027Xl0"6  reyn 
(0.186  centipoisel  as  compared  with  the  absolute  viscosity  of  an  SAE  10  oil  at 
100°  F  of  4.9x10  reyn  (33.8  centipolse).  Liquid  oxygen,  therefore,  can  be 
expected  to  afford  little  protection  at  the  ball-race  contacts  or  at  the 
retainer-ball  and  retainer-race  contacts  through  the  formation  of  any  signifi¬ 
cant  hydrodynamic  films.  Also,  its  effectiveness  as  a  boundary  lubricant,  when 
compared  with  conventional  organic  lubricants,  is  very  limited.  The  bearings 
must  therefore  incorporate  some  sort  of  self -lubricating  mechanism.  The  second 
and  most  important  function,  when  a  cryogenic  fluid  is  used  as  a  lubricant,  is 
to  carry  away  the  heat  generated  by  frictional  forces  in  the  bearing  and  thus 
minimize  the  thermal  gradients :  these  thermal  gradients,  when  excessive,  lead 
to  a  loss  of  Internal  clearance  and  seizure  of  the  bearing. 

The  retainer  materials  selected  for  study  in  this  Investigation  were  self- 
lubricating  materials  that  exhibit  low  wear  and  low  coefficients  of  friction  in 
cryogenic  oxidants.  Certain  reinforced  Teflon  compositions  have  these  desirable 
properties  as  determined  by  results  of  friction  and  wear  studies  (refs.  1  and 
unpublished  MSA  data)  in  cryogenic  fluids.  Also,  results  of  tests  on  full- 
size  bearings  operated  in  liquid  hydrogen  (refs.  2  and  3)  proved  the  superior 
performance  of  reinforced  Teflon  compositions  over  conventional  metallic  re¬ 
tainer  materials. 


The  objectives  of  this  report  are  to  compare  friction  torque  and  wear  in 
liquid  oxygen  for  two  series  of  40-millimeter-bore  ball  bearings  with  different 
retainer  materials  at  DN  values  (bearing  bore  in  mm  times  the  shaft  speed  in 
rpm)  to  1.2  million.  In  the  tests  described  herein,  extra-light  108-series 
bearings  were  run  at  radial  loads  to  600  pounds  and  speeds  to  30  000  rpm,  and 
extremely  light  1908-series  bearings  were  run  at  radial  loads  to  300  pounds 
with  a  constant  25— pound  thirust  load  and  speeds  to  30  000  rpm.  Maximum  antici¬ 
pated  radial-bearing  loads  in  a  typical  oxidant  turbopump  would  be  in  the  range 
from  150  to  340  pounds  at  a  shaft  speed  of  12  000  rpm.  Bearing  design  geom- 
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test  shaft  was  coupled  at  its  upper  end  to 
speed  increaser  by  means  of  a  special  high' 
the  gearbox  output  shaft  was  variable  from 


etries  incorporated  liberal  ra¬ 
dial  clearances  and  open  race 
curvatures  for  minimum  heat  gen¬ 
eration  (ref,  2). 


APPAR/VTUS 
Drive  System 

The  test  apparatus  used  in 
this  investigation  had  the  test 
shaft  mounted  in  the  vertical 
position^  the  lower  half  of  which 
is  depicted  schematically  in  fig¬ 
ure  1.  A  variable -speedy  direct- 
current  drive  motor  was  coupled 
to  a  speed  increaser  through  a 
flexible  gear  coupling  eq_uipped 
with  two  shear  pins  to  protect 
the  drive  train  in  the  event  of 
bearing  seizure.  The  test  bear¬ 
ing  was  located  at  the  lower  end 
of  the  test  shaft  that  was 
mounted  in  a  ball  bearing  and  a 
roller  bearing  at  the  upper  and 
lower  ends^  respectively.  The 
the  gearbox  output  shaft  of  the 
speed  gear  coupling.  The  speed  of 
approximately  400  to  50  000  rpm. 


Load  and  Torq.ue -Measuring  Systems 

Radial  load  was  provided  by  a  hydraulic  cylinder  and  transmitted  to  the 
test  bearing  through  a  flexible  steel  strap  (fig.  2).  The  drive  system,  test¬ 
bearing  assembly,  and  their  lubricating  system  were  mounted  on  a  steel  buUk- 
head.  This  bulkhead  pivoted  independently  of  the  load  cylinder  on  upper  and 
lower  knife  edge  assemblies  that  had  negligible  friction  compared  with  the  test 
bearing.  The  entire  weight  of  the  assembly  was  supported  by  a  0. 137-lnch- 
dlameter  torsion  rod.  Test-bearing  torq.ue  applied  to  its  own  housing  rotated 
the  entire  assembly  about  the  test  bearing  at  the  bottom  and  about  the  torsion 
rod  at  the  top.  A  force  transducer  attached  to  the  cover  plate  of  the  test¬ 
bearing  housing  measured  test-bearing  torq^ue. 


Cryogenic  Supply  System 

The  test  chamber  was  a  cylindrical  weldment  consisting  of  concentric  cham' 
bers  that  enclosed  the  test-bearing  assembly  (fig.  3).  The  test  chamber  was 
attached  to  the  cover  plate  and  could  be  removed  to  provide  access  to  the  test 
bearing.  The  innermost  chamber  contained  the  liquid  oxygen.  The  outermost 
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chamber  was  a  vacuiam  jacket  for 
minimizing  oxidant  boiloff  during 
a  run.  Liquid  oxygen  was  stored 
in  a  100-liter  insulated  Dewar 
vessel  located  adjacent  to  the  rig. 
Transfer  of  the  liquid  oxygen  from 
the  Dewar  to  the  oxidant  chamber 
was  accomplished  by  pressurizing 
with  oxygen  gas.  A  level  of 
liquid  sufficient  to  fully  Immerse 
the  bearings  was  maintained  by 
monitoring  instrumentation  and 
manual  control.  Boiloff  gas  was 
vented  from  the  oxygen  chamber 
through  piping  to  the  outside  of 
the  test  cell. 


Instrumentation 

Test  bearing  and  ambient  bath 
temperatures  were  sensed  with 
copper-constantan  thermocouples 
and  read  out  on  self-balancing, 
recording,  and  indicating  potentio¬ 
meters.  A  capacitance  probe  in 
conjunction  with  a  circular-chart 


recorder  provided  a  continuous 

record  of  the  liquid-oxygen  level  during  a  test.  Test-shaft  speed  was  measured 
with  a  magnetic  pickup  head  and  displayed  on  a  four-channel  frequency  counter. 


Test  Bearings 

Light-series  hearings  were  selected  for  testing  in  this  program  because 
radial  loads  imposed  in  oxidant  turhopumps  are  not  severe.  To  minimize  cor¬ 
rosion^  both  races  and  balls  were  made  of  AISI  440-C  stainless  steel. 

The  108-serles,  40-milllmeter-bore  (1.575  in.)  bearings  had  a  ball  comple¬ 
ment  of  10  and  were  of  two  types:  (l)  deep  groove  and  (2)  radial  separable. 

The  latter  type  was  used  in  order  to  facilitate  posttest  inspection  and  weigh¬ 
ing  of  components. 

The  1908-series,  40-millimeter-bore  bearings  were  all  of  the  radial- 
separable  type.  Ball  complements  of  18,  14,  and  12  were  tested.  Retainer 
bodies  were  reinforced  with  aluminum  shrouds  because  of  the  low  structural 
strength  of  the  self -lubricating  materials. 


PROCEDURE 


Pretest  Preparation 


As-received  test  "bearings  were  initially  cleaned  in  a  solvent  (1,1.1 
trichloroethane)  and  then  vashed  in  acetone  prior  to  being  placed  in  a  vacuim 
desiccator  from  14  to  16  hours.  The  bearings  vere  then  weighed  on  an  analytical 
balance  to  the  nearest  0.1  milligram.  Each  component  of  the  separable  bearings 
was  weighed  separately.  After  weighing^  the  radial  play  and  the  retainer  locat¬ 
ing  clearance  were  measured^  then  the  bearing  was  cleaned  again  in  acetone  and 
returned  to  the  desiccator  until  installation  in  the  test  apparatus. 


Test 

After  installation  of  the  test  bearing^  the  inner  oxidant  chamber  was 
purged  with  helium  gas  for  10  minutes  to  ensure  a  minimum  of  moisture  in  the 
test  chamber  and  on  the  test  bearing.  During  the  helium  purge.^  the  support - 
bearing  and  gear-lubricant  pumps  were  turned  on.  At  this  time  the  torque 
measuring  system  was  checked  out. 

^e^ 100-liter  Dewar  was  then  pressurized  with  gaseous  oxygen  to  transfer 
the  liquid  oxygen  from  the  Dewar  to  the  test  chamber.  The  drive  motor  was 
started  as  soon  as  the  liquid-level  indicator  and  ambient -bath  thermocouple 
indicated  a  liquid  level  sufficient  to  fully  immerse  the  test  bearing.  At  this 
time  warm  nitrogen  gas  was  supplied  to  a  series  of  labyrinth  seals  on  the  test- 
shaft  housing  to  prevent  the  lubricating  oil  from  freezing  in  the  lower 
support -bearing  housing.  The  test-shaft  speed  was  then  increased  from  approxi¬ 
mately  750  to  2500  rpm^  and  the  radial  load  was  applied. 

Two  types  of  tests  were  conducted.  One  was  a  constant-load  test  with 
speed  variable^  and  the  second  was  a  constant-speed  load-variable  test.  For 
the  variable -speed  tests  the  shaft  speed  was  increased  in  2500-rpm  increments 
up  to  10  000  rpm  and  in  5000-rpm  increments  from  10  000  to  30  000  rpm  with 
intervals  between  speed  changes  of  approximately  5  minutes.  The  108-series 
bearings  were  then  operated  at  a  speed  of  30  000  rpm  for  1  hour,  and  the  1908- 
series  bearings  for  1/2  hour.  A  test  was  terminated  prematurely  if  the  fric¬ 
tion  torque  exceeded  3  pound-inches  for  a  period  of  more  than  5  minutes.  For 
the  variable-load  tests  the  speed  was  held  constant,  and  the  load  was  varied 
in  100-pound  increments  up  to  800  pounds.  The  time  interval  between  load 
changes  was  sufficient  to  allow  the  friction  torque  to  stabilize. 


Posttest  Inspection 

After  removal  of  the  bearing  from  the  rig,  it  was  examined  visually  for 
any  signs  of  distress.  After  flushing  in  acetone  to  remove  any  loose  wear 
debris,  the  bearing  was  placed  in  the  vacuxim  desiccator  for  16  to  18  hours. 
The  bearing  was  then  weighed  and  the  weight  change  recorded. 
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TABLE  I.  -  TEST  RESULTS  IN  LIQUID  OXYGEN  FOR  EXTRA-LIGHT  108-SERIES  BEARINGS 


[Maximum  DN,  1.2x10^;  bearing  bore,  40  mm;  shaft  speed,  30  000  rpm; 
inner-race  curvature,  0.53;  outer-race  curvature,  0.56;  ball  diam¬ 
eter,  3/8  in.;  number  of  balls,  10.] 


Bearing 

Retainer  data 

Total 

Radial - 
load 
range, 
lb 

Time  at 
maximum 
DN, 
hr 

Total 

test 

time, 

hr 

Comments 

(a) 

Method  of 
construc¬ 
tion 

Material 

Initial 

inner-race 

locating 

clearance, 

in. 

bearing 

radial 

play, 

in. 

D-1 

M 

Glass-cloth  -  Teflon 
laminate 

0.007 

0.0009 

50  to  500 

2.6 

19.7 

All  tests  satisfactory; 
balls  and  races  good; 
retainer  fair 

D-2 

(b) 

Glass-cloth  -  Teflon 
laminate 

0.016 

0.0008 

200  to  500 

4.9 

9.3 

High-load  tests  stopped 
at  maximum  DN  because 
of  high  torque  (fig. 

10(a)y 

D-3 

(b) 

Glass  fiber  in  Teflon 

0.014 

0.0010 

B 

17 

All  tests  satisfactory; 
all  components  in  good 
condition 

D-4 

(b) 

Glass  fiber  in  Teflon 

0.014 

0.0009 

■ 

15.9 

High-load  tests  stopped  at 
maximum  DN  because  of 
high  torque;  retainer 
not  damaged  (fig.  10(b)) 

R-1 

(c) 

Bronze  powder  in 

Teflon 

0.024 

0.0010 

200  to  400 

4 

6 

Test  series  stopped  be¬ 
cause  of  excessive  and 
nonuniform  retainer 
wear 

B 

(c) 

Bronze  powder  in 

Teflon 

0.032 

0.0008 

200 

1.9 

Test  series  stopped  be¬ 
cause  of  excessive  and 
nonunifom  retainer  wear 

■ 

(c) 

Molybdenum  disulfide 
plus  glass  fiber  in 
Teflon 

0.024 

0.0008 

200  to  600 

3.6 

8.5 

All  tests  completed  satis¬ 
factorily;  all  parts  in 
excellent  condition  (fig. 
12(a)) 

B 

(c) 

Molybdenum  disulfide 
plus  glass  fiber  in 
Teflon 

0.024 

0.0008 

All  tests  completed  satis¬ 
factorily;  all  parts  in 
excellent  condition 

■ 

(3) 

100-Percent  graphite 

0.011 

0.0008 

200  to  600 

1.2 

3.2 

High- load  tests  stopped  be¬ 
cause  of  excessive  arma¬ 
ture  current;  balls  and 
races  severely  damaged 
(fig.  12(b)) 

^D-lettered  bearings  are  deep-groove  type;  R-lettered  bearings  are  radial  separable. 
^Two-piece  retainer  body  and  two-piece  aluminum  shroud,  riveted. 

^One-piece  retainer  body,  two-piece  aluminum  shroud,  bolted. 


RESULTS  MB  DISCUSSIOK 

The  results  of  tests  on  seven  different  retainer  materials  and  three  hear¬ 
ing  types  are  given  in  tables  I  and  II  and  in  figures  4  to  14. 

Effect  of  Speed  and  Load  on  Extra-Light  108-Series, 

Deep-Groove  Ball  Bearings 

Glass-cloth  -  Teflon  laminate.  -  Satisfactory  performance  vas  obtained 
vith  this  retainer  material  in  bearings  D-1  and  D-2  (table  l)  at  a  maximum  load 
of  500  pounds  and  30  000  rpm  (DK  value  of  1.2  million).  At  the  maximum  load 
and  at  a  shaft  speed  of  30  000  rpm  the  Hertz  maximum  stress  produced  at  the 
outer-race  contact  vas  354  000  pounds  per  square  inch. 
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TABLE  II.  -  TEST  RESULTS  IN  LIQUID  OXYGEN  FOR  EXTREMELY  LIGHT  1908-SERIES  RADIAL -SEP ARABLE  BEARINGS 


[Maximum  DN,  1.2x10®;  bearing  bore,  40  mm;  shaft  speed,  30  000  rpm;  inner-  and  outer-race 
curvatures,  0.54;  ball  diameter,  1/4  in.;  thrust  load  due  to  wave  washer,  25  lb.] 


Bearing 

Retainer  data 

Total 

Number 

Radial-load 

Time  at 

Total 

Comments 

(a) 

Method  of 
construc¬ 
tion 

Material 

Initial 

inner-race 

locating 

clearance, 

in. 

■bearing 

radial 

play, 

in. 

of 

balls 

range, 

lb 

maximum 

DN, 

hr 

test 

time, 

hr 

R-6 

(b) 

Glass  fiber  in 
Teflon 

0.015 

0.0018 

18 

100  to  300 

3.5 

11.7 

Retainer  poor; 
cracked  through 
ball  pockets 
(fig.  14(b)) 

R-7 

(b) 

Glass  fiber  in 
Teflon 

0.011 

0.0021 

18 

100  to  200 
^100  to  800 

1.2 

4.8 

Retainer  good; 

fatigue  spalls  in 
outer  race 

R-8 

(b) 

Glass-cloth  - 
Teflon  laminate 

0.018 

0.0017 

18 

100  to  300 

2.4 

7.8 

Outer  race  galled; 
balls  pitted  and 
spalled;  retainer 
condition  poor 
(fig.  14(a)) 

R-9 

(d) 

Bronze  powder 
in  Teflon 

0.014 

0.0020 

12 

— 

0.3 

Unable  to  apply  load; 
excessive  torcjue; 
uneven  wear 

R-10 

id) 

Molybdenum  disul¬ 
fide  plus  glass 
fiber  in  Teflon 

0.024 

0.0026 

14 

100  to  200 

1.2 

3.9 

Aluminum  shroud  dam¬ 
age  at  ball  pocket 
(fig.  14(c)) 

R-11 

id) 

Molybdenum  disul¬ 
fide  plus  glass 
fiber  in  Teflon 

0.018 

0.0021 

14 

100 

0.2 

1.8 

Aluminum  shroud  dam¬ 
age  at  ball  pockets; 
retainer  contacted 
outer  race 

R-12 

id) 

100-Percent 

graphite 

0.010 

0.0022 

12 

100 

0.5 

1.4 

Retainer  cracked  and 
broke  out  at  ball 
pockets 

R-13 

(e) 

Cotton-cloth- 
phenolic  lami¬ 
nate 

0.020 

0.0016 

14 

100 

— 

0.7 

Seizure  at  27  500  rpm; 
retainer  consumed  by 
fire 

R-14 

id) 

Compacted  molyb¬ 
denum  disul¬ 
fide 

0.026 

0.0018 

12 

100 

0.9 

2.2 

Excessive  wear  on  re¬ 
tainer;  balls  con¬ 
tacting  shroud; 
shroud  contacting 
at  outer  race 

^R-lettered  bearings  are  radial  separable. 

^One-piece  retainer  body,  two-piece  aluminum  shroud,  riveted. 
°Short-duratlon,  load-variable  test. 

^One-piece  body,  one-piece  aluminum  shroud,  one  side  spun  over. 
®Tv;o-piece  body,  riveted,  no  shroud. 


A  gradual  increase  of  torque  with  speed  was  observed  for  bearing  D-2  in 
both  the  400-  and  500-pound  load  tests.  After  23  minutes  of  operation  at  a 
500-pound  load  and  30  000  rpm,  there  was  a  sudden  and  rapid  rise  in  friction 
torque  from  1. 3  pound— inches  to  a  value  exceeding  3. 0  pound— inches,  the  maxi¬ 
mum  of  the  potentiometer  scale.  The  test  was  terminated  after  5  minutes  at 
this  torque  level  in  order  to  avoid  a  serious  failure  of  the  test  bearing.  No 
significant  rise  in  bearing  outer-race  temperature  was  noted  during  these  high- 
torque  situations.  It  was  necessary,  however,  to  Increase  the  flow  of  liquid 
oxygen  to  the  test  chamber  to  keep  the  bearing  totally  Immersed.  This  indi¬ 
cated  that  liquid-oxygen  boiloff  due  to  frictional  heat  generated  in  the  bear¬ 
ing  was  greater  than  normal. 

Glass  fiber  in  Teflon.  -  Test  bearing  D-3  was  operated  successfully  at 
30  000  rpm  and  a  500-pound  load  for  a  total  time  in  two  tests  of  45  minutes. 


Figure  4.  -  Experimental  bearing  torque  plotted  against  shaft  speed  for  108-series  deep-groove 
ball  bearings  operating  in  liquid  oxygen.  Bearing,  D-4j  retainer  material,  glass  fiber  in 
Teflon. 


Bearing  D-4  also  performed  satisfactorily  at  a  550-pound  load  and  30  000  rpm 
for  a  total  time  of  32  minutes  (test  stopped  after  l/2  hr  Because  of  a  steadily 
increasing  torq_ue  that  eventually  exceeded  3  Ih-in,)*  ^  comparison  of  friction 
torq.ue  for  hearing  D-4  at  varying  speeds  up  to  30  000  rpm  and  three  magnitudes 
of  radial  load  is  shown  in  figure  4.  Generally,  the  torque-speed  curves  for 
this  material  are  relatively  flat.  This  agrees  with  experimental  friction  data 
for  reinforced  Teflon  compositions  in  liquid  nitrogen  (ref.  l)  and  for  full 
complement  oil-lubricated  ball  bearings  (ref.  4). 


Effect  of  Speed  and  Load  on  Extra-light  108-Series 
Radial-Separable  Ball  Bearings 

Bronze  powder  in  Teflon.  -  The  torque  values  recorded  for  bearing  R-1  at 
speeds  to  30  000  rpm  and  at  400-pound  radial  loads  were  significantly  higher 
than  those  measured  on  any  of  the  bearings  with  glass -reinforced  -  Teflon  re¬ 
tainers.  Similar  high-torque  values  were  experienced  with  bearing  R-2  at  all 
speeds.  Tests  of  this  material  were  concluded  prematurely  because  of  excessive 
asymmetric  wear  at  the  retainer  locating  surface. 

Molybdenum  disulfide  plus  glass  fiber  in  Teflon.  -  Test  bearings  R-3 
and  R-4  were  operated  successfully  for  37  and  30  minutes,  respectively,  at  a 
radial  load  of  600  poionds  and  shaft  speeds  to  30  000  rpm.  Torque -speed  data 
plotted  in  figure  5  show  a  magnitude  comparable  to  that  of  the  other  Teflon 
compositions  through  18  000  rpm  (e.g. ,  bearing  D-4,  fig.  4).  The  significant 
characteristic  of  these  curves,  however,  is  that  the  torque  does  not  increase 
at  higher  speeds  for  the  400-  and  600-pound  load  tests  as  does  bearing  D-4  at 
a  550-pound  load.  This  would  indicate  that  this  retainer  material  established 
and  maintained  satisfactory  boundary  lubrication  at  maximum  speed  and  load. 
Bearing  and  adapter  parts  were  completely  free  of  any  wear  debris.  The  ball 
set  was  uniformly  dark  in  color,  which  indicated  that  the  retainer  material, 
which  is  black  in  color,  was  transferred  to  the  ball  surfaces. 
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Figure  5.  -  Experimental  bearing  torque  plotted  against  shaft  speed  for  108-series  radial- 
separable  ball  bearings  operating  in  liquid  oxygen.  Bearing,  R-4;  retainer  material, 
molybdenum  disulfide  plus  glass  fiber  in  Teflon. 


100-Percent  graphite.  -  Satisfactory  performance  was  obtained  with  this 
material  in  hearing  R-5  at  loads  through  400  pounds.  Friction  torque  over  the 
speed  range  was  stable  and  comparshle  in  magnitude  to  that  of  the  molybdenum 
disulfide  plus  glass-fiber-in-Teflon  materials.  After  35  minutes  of  operation 
at  30  000  rpm  and  a  600-pound  radial  load,  however,  the  test  was  stopped  be¬ 
cause  of  an  impending  seizure,  as  indicated  by  excessive  annature  current, 
high-torque,  and  stalling  of  the  motor.  Ro  further  tests  were  attempted  on 
this  material  because  of  the  severe  distress  of  balls,  races,  and  retainers. 


Effect  of  Speed  and  Load  on  Extremely  Light  1908-Series, 
Radial-Separable  Ball  Bearings 

Glass  fiber  in  Teflon.  -  Bearing  R-6  (table  II)  was  tested  to  a  DR  value 
of  1.2  million  and  at  loads  to  300  pounds.  This  combination  of  radial  load  and 
speed  produce  a  Hertz  stress  maximum  in  the  outer  race  of  296  000  pounds  per 
square  inch.  A  total  time  of  11. 7  hours  was  logged  on  this  bearing,  approxi¬ 
mately  3.5  hours  of  which  were  at  the  maximum  speed  of  30  000  rpm.  Figure  6(a) 
compares  torque  values  for  bearing  R-6  and  a  108-series  bearing  (D-4)  for  loads 
of  300  and  400  pounds,  respectively.  The  value  of  torque  at  speeds  to  30  000 
rpm  and  a  300-pound  load  for  the  1908-series  bearing  exceeded  that  of  the  108- 
series  bearing  running  under  a  400-pound  load. 

Glass-cloth  -  Teflon  laminate.  -  Bearing  R-8  performed  satisfactorily  at 
DR  values  to  1.2  million  for  the  100-  and  200-pound  loads,  however,  excessively 
high  torque  limited  operation  to  25  000  rpm  (DR  of  1.0  million)  at  a  300-pound 
load.  As  was  the  case  with  the  glass-fiber-in-Teflon  retainers,  high  rates  of 
torque  Increase  were  observed  at  speeds  exceeding  20  000  rpm.  Figure  6(b)  com¬ 
pares  torque  values  for  this  bearing  and  a  108-series  bearing,  D-2,  for  loads 
of  300  and  400  pounds,  respectively.  Torque  values  for  the  1908-series  bearing 
are  much  higher  at  30  000  rpm  and  300  pounds  than  those  of  the  108-series  bear¬ 
ing  running  at  the  same  speed  and  at  a  400-pound  load.  These  results  are  in 
contrast  to  results  reported  with  liquid-hydrogen-cooled  bearings  operated  at 
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(b)  Retainer  material,  glass-cloth  -  Teflon  laminate. 

Figure  6,  -  Comparison  of  experimental  bearing  torque  as  plotted  against  shaft  speed  for  108' 
and  wbs-series  bearings  operating  in  liquid  oxygen. 


DN  values  to  1.6  million.  The  hearings  tested  in  hydrogen,  however,  were 
operated  under  pure  thrust  loading^  where  retainer  forces  are  generally  not  as 

severe. 

Plotted  in  figure  7(a)  are  experimental  values  of  friction  torque  against 
radial  load  for  hearing  R-7  with  a  glass -fiher-in-Tef Ion  retainer.  These 
values,  as  well  as  values  of  coefficient  of  friction  (fig.  7(h))  are  compared 
y^th  data  from  reference  4  for  an  oil“ffllst— lubricated  2-lnch-hore  hearing 
operating  at  10  000  rpm.  A  minimum  coefficient  of  friction  of  0. 0020  was  cal¬ 
culated  for  the  liquid-oxygen-luhrlcated  hearing  at  an  800-pound  load  and 
10  000  rpm  compared  with  a  minimum  value  of  0.0015  for  the  oil-luhricated  hear¬ 
ing  at  the  same  conditions  of  speed  and  load.  These  results  indicate  that  hall 
hearings  can  operate  in  liquid  oxygen  with  friction  losses  comparable  to  those 
of  oil-luhricated  hearings. 
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Coefficient  of  friction  Torque,  Ib-In. 


(b)  Calculated  friction  coefficient. 

Figure  7.  -  Comparisons  of  experimental  friction  torque  and  calculated  friction 
coefficients  plotted  against  radial  load  for  I iquld~oxygen -cooled  and  oll-mlst- 
lubrlcated  ball  bearings.  Bearing  series,  1908;  radial  separable;  bearing  R -7; 
retainer  material,  glass  fiber  In  Teflon;  race  and  ball  material,  AISI  440-C 
stainless  steel. 


Figure  8.  -  Experimental  bearing  torque  plotted  against  shaft,speed  for  1908-series  bearing 
operating  In  liquid  oxygen.  Bearing,  R-11;  retainer  material,  molybdenum  disulfide  plus 
glass  fiber  In  Teflon;  radial  load,  100  pounds. 
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50-Percent  tironze  povder  in  Teflon.  -  Performance  of  this  material  in 
hearing  R-9  was  extremely  poor  -under  even  the  lightest  loads.  High  torq^ues 
persisted  from  startup  to  a  speed  of  7500  rpm  where  the  test  was  terminated. 

Molybdenum  disulfide  plus  glass  fiber  in  Teflon.  -  Performance  of  this 
material  in  bearings  R-10  and  R-11  was  generally  poor  and  in  direct  contrast  to 
results  obtained  in  the  108-series  bearings.  A  load  of  200  pounds  at  the  maxi¬ 
mum  DN  value  of  1.2  million  produced  excessive  friction  torque,  and  this  test 
was  terminated  after  only  10  minutes.  The  torque-speed  curve  of  figure  8  shows 
the  steep  rate  of  torque  Increase  at  speeds  exceeding  25  000  rpm  and  a  100- 
pound  load.  This  poor  performance  is  attributed  to  the  method  of  fabrication 
and  the  light  constiniction  that  allowed  the  retainer  body  to  move  relative  to 
the  shroud  material  under  the  action  of  high  cage  forces.  High  torques  were 
produced  when  the  ball  set  came  into  contact  with  the  aluminum  shroud. 

100-Percent  graphite.  -  Torque  values  for  bearing  R-12,  measured  during 
the  initial  100-pound  load  test  did  not  exceed  0.75  pound-inches  at  speeds  to 
25  000  rpm.  At  30  000  rpm  the  torque  increased  to  1.8  pound-inches  and  re¬ 
mained  at  this  value  throughout  a  30-mlnute  run.  At  the  completion  of  this 
test,  it  was  observed  that  the  retainer  had  sustained  extensive  damage  at  the 
locating  surface  and  in  the  ball  pockets.  Therefore,  no  further  tests  were 
conducted  on  this  material. 

Cotton-cloth  phenolic  laminate.  -  The  rate  of  torque  increase  with  speed 
was  very  steep  through  25  000  rpm  at  a  100-pound  load  for  bearing  R-13.  At 
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C-62979 

(a)  Bearing  D-2;  retainer  material,  glass-cloth  -  Teflon  laminate;  radial- 
load  range,  200  to  500  pounds;  time  at  maximum  DN  (L2  million),  4.9 
hours;  total  test  time,  9.3  hours. 


C-62980 

(b)  Bearing  D-4;  retainer  material,  glass  fiber  in  Teflon;  radial-load  range, 
100  to  550  pounds;  time  at  maximum  DN  (1.2  million),  4.5  hours;  total 
test  time,  15.9  hours. 

Figure  10.  -  Extralight  108-series  deep-groove  ball  bearings  operated  in 
liquid  oxygen. 


27  500  rpm^  the  bearing  seized.  Posttest  inspection  of  the  oxidant -chamber  and 
bearing -adapter  parts  indicated  a  fire  had  taken  place  that  completely  consumed 
the  unshrouded  retainer.  Only  the  rivets  used  to  hold  the  two  retainer  halves 
together  were  found*  Races  and  halls  showed  evidence  of  excessively  high  tem— 
peratiires.  Most  of  the  halls  in  the  set  were  plastically  deformed.  This  was 
the  only  test  where  ignition  had  occurred,  and  also,  the  only  test  where  an 
oxidizahle  material  was  used  as  a  hearing  component. 

Compacted  molybdenum  disulfide.  -  Bearing  torque  for  hearing  R-14  did  not 
exceed  0. 75  pound-inches  at  a  100-pound  radial  load  until  a  speed  of  27  500  rpm 
was  reached.  At  this  speed  the  rate  of  torque  increase  was  rapid,  and  after 
25  minutes  at  30  000  rpm  the  torque  exceeded  3  pound-inches. 
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Figure  11.  -  Retainer  wear  plotted  against  retainer  sliding  distance  for 
108-series,  radial -separable  ball  bearings  at  radial  loads  from  200  to 
600  pounds. 


Effect  of  Total  Rimning  Time  on  Wear  of 
Extra-Light  108-Series  Bearings 

Konseparahle  or  deep-groove  type,  -  Figure  9  is  a  plot  of  the  total  hear¬ 
ing  wear  against  the  total  sliding  distance  of  the  retainer  locating  siurface. 
Sliding  velocities  varied  from  218  feet  per  minute  at  750  rpm  to  8730  feet  per 
minute  at  30  000  rpm.  It  should  he  pointed  out  that^  for  the  data  of  figure  9, 
the  radial  load  vas  not  constant  hut  varied  from  100  to  600  pounds. 

The  retainers  for  hearings  D-2  and  D-4  are  shown  in  figures  10(a)  and  (h). 
Bearing  D-4  with  the  glass -fiher-in-Tef Ion  retainer  was  operated  in  liq.uid 
1 

oxygen  over  times  as  long  as  hearing  D-2  with  the  glass -cloth  -  Teflon- 

laminate  retainer^  and  yet  it  remained  in  operable  condition.  The  glass-cloth 
retainer  showed  delamination  between  pockets  and  extensive  wear  or  deformation 
of  the  pockets  (fig.  10(a)). 

Radial-separable  types.  -  The  weight  losses  plotted  in  figure  11  against 
sliding  distance  are  for  the  retainers  only.  The  retainers  made  of  30-percent 
bronze  powders  in  Teflon  used  in  hearings  R-1  and  R-2  had  very  high  wear  rates. 
At  only  5x10^  feet  of  sliding  the  average  retainer  wear  for  the  two  hearings 
with  bronze -powder-in-Tef Ion  retainers  (fig.  11)  was  significantly  greater  than 
for  the  glass-cloth  -  Teflon  retainers  (fig.  9).  Much  of  the  wear  in  hearings 
R-1  and  R-2  appeared  to  have  taken  place  in  one  area  of  the  locating  surface. 
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C-63397 

(a)  Bearing  R-3;  retainer  material,  molybdenum  disulfide  plus  glass  fiber 
in  Teflon;  radial-load  range,  200  to  600  pounds;  time  at  maximum  DN 
(1.2  million),  3.6  hours;  total  test  time,  8.5  hours. 


This  uneven  wear  is  attributed  to 
the  nonuniform  dispersion  of  bronze 
in  the  Teflon^  which  resulted  in  a 
dynamic  unbalance  that  became  sig¬ 
nificant  at  high  speed. 

Bearing  R-3  in  figure  12(a) 
illustrates  the  excellent  condition 
of  the  retainer  after  3. 6  hours  at 
the  maximum  DN  of  1.2  million  and  a 
total  test  time  of  8.5  hours.  The 
retainer  used  in  bearing  R-4  was 
also  in  excellant  condition  at  the 
conclusion  of  6.3  hours  of  testing. 
The  outer  races  and  the  ball  sets 
gained  weighty  which  indicated  that 
a  transfer  of  the  retainer-body 
material  had  teOien  place.  The  low 
wear  rate  for  the  molybdenum  disul¬ 
fide  plus  glass  in  Teflon  used  as  a 
retainer  in  bearings  R-3  and  R-4 
and  plotted  in  figure  11  was  pre¬ 
dicted  by  earlier  friction  and  wear 
studies  in  liquid  nitrogen  (ref,  l). 
No  evidence  of  corrosion  or  iron 
oxide  deposits  was  present  on  the 
retainer-body  material.  This  con¬ 
trasts  with  the  other  two  glass - 
and-Teflon  compositions^  which 
showed  evidence  of  corrosion. 


\ 

^  Metal  wear  debris 


C-63398 

(b)  Bearing  R-5;  retainer  material,  lOO-percent  graphite;  radial-load  range, 
200  to  600  pounds;  time  at  maximum  DN  (1.2  million),  1.2  hours;  total 
test  time  3.2  hours. 

Figure  12.  -  Extralight  108-series  radial-separable  ball  bearing  operated 
in  liquid  oxygen. 


A  100-percent-graphite  re¬ 
tainer  body  (aluminum  shrouded) 
used  with  test  bearing  R-5  showed  a 
relatively  low  wear  rate  up  to 
1x10^  feet  of  sliding.  The  test 
series  was  concluded  at  this  point 
because  of  a  failure  of  the  bearing 
during  a  test  at  a  600 -pound  load. 
Extreme  heating  of  the  balls  and 
races  was  evident^  which  probably 
caused  a  loss  of  internal  clearance 
in  the  bearing  and  resulted  in 
seizure.  Severe  damage  occurred  to 
both  inner  and  outer  races  and  to 
the  ball  set.  Considerable  metal 
debris  was  removed  from  the  test 
chamber  and  can  be  seen  in  figure 
12(b),  The  retainer  experienced 
material  breakout  at  the  ball  pock¬ 
ets^  and  deep  scoring  caused  by 
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Figure  13.  -  Retainer  wear  plotted  against  retainer  sliding 
distance  for  1908-series  radial -separable  ball  bearings  at 
radial  loads  from  100  to  300  pounds  and  thrust  load  of 
25  pounds. 


metal  detris  being  dragged  into  the  re¬ 
tainer  clearance  area  was  evident  at  the 
locating  surface. 

Effect  of  Total  Running  Time  on 
Wear  of  Extremely  Light 
1908-Series  Bearings 

Plots  of  retainer  weight  losses 
against  the  sliding  distance  of  the 
locating  surface  for  three  different 
materials  can  be  seen  in  figure  13.  A 
glass -cloth  -  Teflon- laminate  retainer 
used  with  bearing  R-8  had  the  lowest  mea¬ 
sured  wear  out  to  1.7x10^  feet:  these 
tests  were  all  at  100-pound  loads,  and 
the  wear  rate  was  very  high.  Accompany¬ 
ing  this  high  retainer  wear  was  a  cor¬ 
respondingly  high  weight  loss  measured 
from  the  ball  set.  At  the  conclusion  of 
these  high-load  tests  a  reddish-brown 
deposit  covered  the  bearing  adapter 
parts  and  walls  of  the  test  chamber.  It 
is  believed  that  the  deposits  were  ex¬ 
tremely  fine  metallic  particles  abraded 
from  balls  and  races  by  the  glass  in  the 
80-percent-glass -cloth  retainer  body. 
These  fine  particles  were  rapidly  oxi¬ 
dized  in  the  surrounding  oxygen  environ¬ 
ment.  Samples  were  generally  too  small 

and  X-ray  dif- 

Figure  14(a)  shows  extensive 


for  chemical  analysis 

fraction  patterns  obtained  were  inconclusive, 
pocket  wear  on  the  retainer  of  bearing  R-8. 


The  wear  rates  for  the  glass-fiber-in-Teflon  retainers  used  in  bearings 
R-6  and  R-7  remained  fairly  constant  with  no  change  noted  in  the  R-6  bearing 
out  to  2.25x10^  feet  (fig.  13).  Again,  as  with  the  glass-cloth  -  Teflon- 
laminate  retainer,  high  values  of  wear  were  measured  on  both  the  balls  and  the 
inner  race.  Varying  amounts  of  the  iron  oxide  were  also  present  on  adapter 
parts,  etc.  Figure  14(b)  shows  cracking  of  the  retainer-body  material  between 
pockets  and  between  pockets  and  shroud  that  occurred  in  the  last  300-pound  load 
test. 


The  high  wear  rates  measured  on  the  molybdenum  disulfide  plus  glass-fiber- 
in-Teflon  material  (bearing  R-10,  fig.  13  and  R-ll))  are  very  much  in  contrast 
with  the  almost  negligible  wear  noted  with  this  material  in  the  extra-light 
series  bearings.  It  is  believed  that  this  inconsistency  was  not  in  the  mate¬ 
rial  itself  but  with  the  difference  in  retainer  construction.  The  aluminum 
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shroud  that  was  spun  over  the  body  material  was  not  riveted  in  place,  and  move¬ 
ment  of  the  aluminum  shroud  relative  to  the  retainer  body  occvirred  under  the 
action  of  high  cage  forces.  This  permitted  the  balls  to  rub  against  the  alumi¬ 
num  instead  of  the  body  material.  The  severely  deformed  aluminum  shroud  is 
evident  at  each  pocket  as  shown  in  figure  14(c).  Considerable  aluminum  wear 
debris,  evident  at  the  conclusion  of  each  test,  probably  made  up  the  largest 
portion  of  the  total  weight  loss. 

The  wear  was  not  recorded  for  the  100-percent  graphite  retainer  used  in 
bearing  R-12  since  large  pieces  had  broken  out  at  the  locating  surface.  The 
results  of  this  test  illustrate  that  the  mechanical  properties  of  graphite 
might  limit  its  use  as  a  ball-bearing  retainer  material. 

The  measured  weight  loss  of  a  compacted  molybdenum  disulfide  retainer 
after  only  8xl05  feet  of  sliding  was  241  milligrams,  over  six  times  the  average 
weight  loss  of  the  glass-fiber  -  Teflon  material.  The  bearing  inner-race 
shoulder  indicated  a  nonuniform  contact.  The  weight  loss  for  the  inner  race 
was  greater  than  normally  experienced  for  this  short  duration. 


SUMMARY  OF  RESULTS 

The  following  results  were  obtained  with  extra-light  108-  and  extremely 
light  1908-series,  40-mlllimeter-bore  ball  bearings  running  in  liquid  oxygen 
to  DW  values  of  1.2  million  and  radial  loads  from  100  to  600  pounds: 

1.  The  best  overall  performance  in  liquid  oxygen  for  108-series  bearings 
was  obtained  with  three  glass-reinforced-Teflon  compositions:  these  were 

(1)  glass  fiber  in  Teflon,  (2)  glass-cloth  -  Teflon  laminate,  and  (s)  molybdenum 
disulfide  plus  glass  fiber  in  Teflon.  The  friction  and  wear  results  for  the 
glass-reinforced-Teflon  compositions  corroborate  previous  work  by  other  investi¬ 
gators  in  friction  and  wear  studies  conducted  in  liquid  nitrogen. 

2.  The  friction  torque  and  wear  of  extra-light  108-serles  bearings  under 
these  test  conditions  were  superior  to  those  of  extremely  light  19C)8-series 
bearings.  These  results  are  in  contrast  to  those  reported  with  liquid- 
hydrogen— cooled  bearings  operated  at  DU  values  of  1.6  million.  The  bearings 
operated  in  hydrogen,  however,  were  operated  under  thrust  loading,  which  re¬ 
sulted  in  less  severe  retainer  forces. 

3.  Low-torque  values  and  almost  negligible  wear  were  observed  with  molyb¬ 
denum  disulfide  plus  glass-fiber-in-Teflon  retainers  used  in  108-serles  ball 
bearings.  All  bearing  components  were  in  excellent  condition  after  total  test 
times  of  8.5  and  6.3  hours  on  two  test  bearings. 

4.  Overall  coefficients  of  friction  obtained  for  bearings  equipped  with 
glass-fiber-in-Teflon  retainers  were  of  the  same  order  of  magnitude  as  those 
obtained  by  other  investigators  with  oil-mist-lubricated  bearings  of  a  similar 
size  over  the  same  radial-load  range. 

5.  With  1908-series  ball  bearings,  high  rates  of  torque  increase  at  shaft 
speeds  exceeding  25  000  rpm  were  observed.  The  high  torques  were  probably  due 
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to  distortion  of  lightly  constructed  retainers  hy  high  cage  forces,  character¬ 
istic  of  bearings  under  combined  loading, 

6.  Torque  values  did  not  vary  significantly  with  speed  in  the  108-series 
bearings.  Generally,  the  curves  are  relatively  flat  as  is  the  case  with  oil- 
lubricated  rolling-element  bearings. 

7.  High  wear  rates  were  observed  for  bronze  in  Teflon  and  compacted  molyb¬ 
denum  disulfide  retainer  materials.  Balls  and  inner  races  showed  relatively 
high  wear  in  bearings  using  the  glass -fiber-in-Tef Ion  and  glass-cloth  -  Teflon- 
laminate  retainer  materials.  Retainers  of  100-percent  graphite  evidenced 
structural  failure  that  would  limit  its  use  as  a  retainer  material  in  cryogenic 
applications. 


Lewis  Research  Center, 

National  Aeronautics  and  Space  Administration 
Cleveland,  Ohio,  November  24,  1964.  ^ 
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